We investigate atmospheric pressure loading displacements in New Zealand using global and regional air-pressure data collected over a period of 50 years . The elastic response of the Earth to atmospheric loading is calculated by adopting mass loading Love numbers based on the parameters of the Preliminary Reference Earth Model (PREM). The ocean response to atmospheric loading is computed utilising a modified inverted barometer theory. The results reveal that the atmospheric loading vertical displacements are typically smallest along coastal regions, while gradually increasing inland with the maximum peak-to-peak displacement of 13.1 mm for this study period. In contrast, the largest horizontal displacements are found along coastal regions, where the maximum peak-to-peak displacement reaches 2.7 mm. The vertical displacements have a high spatial correlation, whereas the spatial correlation of the horizontal displacement components is much smaller. A spectral decomposition of the atmospheric loading time series shows that the signal is a broad band with most energy between 1 week and annual periods, and with a couple of peaks corresponding to approximately annual forcing and its overtones. The largest amplitudes in the atmospheric loading time series have an annual and semi-annual period.
Introduction
Displacementǎ of the Earth's surface and changes in the Earth's gravity field induced by surface loads are computed using the theory of Farrell (1972) . According to his theory, the loading displacements are computed through the integral convolution of the surface load expressed by means of the surface pressure and with appropriate Green's functions. van Dam and Wahr (1987) were the first who utilised the method of Farrell (1972) in computing the atmospheric loading displacements using the local air-pressure data provided by the U.S. National Meteorological Center (NMC).
They found that the peak-to-peak vertical displacements due to * E-mail: Robert.Tenzer@otago.ac.nz, Phone : +64 3 479 7592, Fax : +64 3 479 7586 † corresponding author atmospheric loading could be as large as 15 to 20 mm. They also observed that the displacements are generally larger at higher latitudes and during the winter season. Their results showed that taking only air-pressure variations in the vicinity of observation points into consideration is not sufficiently accurate for computing the atmospheric loading. Instead, the regional air-pressure data from at least the surrounding 1000 km are necessary (given the present level of the accuracy of geodetic measurements). The atmospheric loading displacements were detected from the analysis of VLBI and GPS data by MacMillan and Gipson (1994) , van Dam and Herring (1994) , and van Dam et al. (1994) . Manabe et al. (1991) calculated the vertical atmospheric loading displacements for a number of VLBI stations using global air-pressure data provided by the Japanese Meteorological Agency Global Objective Analysis. Petrov and Boy (2004) presented a procedure for computing the 3-D crustal deformations due to atmospheric loading using the global air-pressure data (collected with a 6 hour sampling interval) Journal of Geodetic Science displacements and absolute sea level rise using the continuous GPS and tide-gauge data. In this study, we compute and investigate atmospheric loading displacements in New Zealand.
We note that the analysis of GPS and tide-gauge data corrected for the aforementioned signals will be addressed in a forthcoming study.
The method of computing the atmospheric loading is briefly reviewed in Section 2. The input data description and the results of numerical analysis are shown and discussed in Section 3. In particular, we investigate the maximum crustal displacements due to atmospheric loading in New Zealand over the study period of 50 years, the spatial correlation of the horizontal and vertical displacements, and the spectral characteristics of the atmospheric loading signal. The summary and conclusions are given in Section 4.
Methodology
The crustal displacement at a position (φ λ) and time is computed as the integral convolution of the atmospheric surface load µ and Green's function G in the following form (Farrell 1972) (
where Ω = cos φ φ λ is the infinitesimal surface element on the unit sphere, and Ω 0 denotes the full solid angle. The 3-D position ( φ λ) is defined in the coordinate system of which the origin coincides with the solid Earth centre of mass as defined in Farrell (1972) ; is the radius, and Ω = (φ λ) denotes the pair of spherical coordinates with the spherical latitude φ and longitude λ. The system of polar spherical coordinates (α ψ) is described by the spherical distance ψ and azimuth α. Green's function G in Eqn.
(1) defines the elastic response of the Earth to atmospheric loading. The atmospheric loading vertical displacements are defined using Green's function G in the following form (Farrell 1972) G
The Green's function G h for describing the corresponding horizontal displacements reads (ibid.)
In Eqns. (2) and (3), R is the Earth's mean radius, M is the total mass of the solid Earth (i.e., excluding the atmosphere and ocean), P Farrell (1972) assumed that the loading mass distribution can be approximated by a thin layer at the Earth's surface. Guo et al. (2004) showed that this approximation also works for atmospheric pressure loading. They also calculated accurately the numerical values of Green's functions G and G h adopted in this study.
When computing the atmospheric loading, the loading mass corresponds to the mass of the air-column at a position (φ λ ) and time
. The atmospheric surface load µ is then defined by (see e.g., Petrov and Boy 2004)
where δP is the local variation of atmospheric pressure, and 0 is the adopted mean value of gravity at the Earth's surface. Atmospheric pressure variations cause changes of the sea surface topography, which further deform the Earth's crust. We model the ocean response to the atmospheric pressure load variations using the theory of inverted barometer modified to account for the conservation of the oceanic mass (e.g., Petrov and Boy 2004, van Dam et al. 1994) . The standard inverted barometer theory is formulated based on the assumption that the sea surface depresses statically under the atmospheric pressure load by 1 cm for each 1 mbar of air-pressure exceeding the average air-pressure over the world ocean (Smith 1979 , see also Lambeck 1980 
where Ω
Ocean denotes the surface of the world ocean. Inserting
Eqns. (4) and (5) 
where Ω Land denotes the total land surface. The loading integral in Eqn. (6) consists of the land and ocean surface terms. The relative magnitudes of these two terms depend on the distance of the observation point from the coastline and the coastline configuration. When the observation point is far from the ocean the first term in Eqn. (6) becomes dominant, and vice versa. The situation becomes more complicated at observation points located in the close proximity of the complex coastline due to the fact that temporal variations of these two integral terms might not correlate with each other. This is discussed in detail in Section 3.
According to both Chelton and Enfield (1986) and Ponte et al.
(1991), the inverted barometer theory is likely to be a good approximation at periods of a few days to a few years. However, it does not describe the ocean response correctly over shorter time periods (van Dam and Herring 1994) . Using polar motion data, Eubanks et al. (1985) concluded that the inverted barometer theory also may not work accurately in the southern ocean. We note that it is not yet known how well the inverted barometer theory is applicable to the region of New Zealand. 
Numerical Analysis
To compute the near-zone contribution to atmospheric loading, we used air-pressure data generated on a 15×15 arc-min geographical grid within the study area of New Zealand (bounded by 34 
where { : = 1 2 N }, and N is the total number of time sampling data over the study period. The spatial distribution Journal of Geodetic Science be pulled inland towards the load. When the load over the land is negative, coastal points will be pushed away from the load.
We further computed the autocorrelation function and the power spectral density of the atmospheric loading time series. It is worth noting that the autocorrelation function provides information about the internal coherence of different parts of the signal, and the power spectral density gives the power per unit frequency interval. The example of a typical power spectral density, calculated at the tide-gauge station in Dunedin, is shown in Fig. 4 . The power density increases with decreasing frequency with most of the energy distributed for wavelengths longer than 1 week. The power spectral density has four distinct peaks, corresponding to the semi-diurnal, diurnal, semi-annual, and annual oscillations.
The amplitudes of these peaks differ from place to place. The spatial distribution of the semi-annual to annual peak ratio is shown in Fig. 5 . This ratio is important because it determines the shape of characteristic oscillations in the autocorrelation function.
The autocorrelation function of displacements decreases from 1 at = 0 and then oscillates with the annual and semi-annual periods.
The actual form of these oscillations is determined by relative amplitudes of the annual and semi-annual signals.
As seen in Fig. 5 , the annual signal for the vertical and east displacements is stronger than the semi-annual signal (the semiannual to annual peak ratio in the power spectral density function is everywhere <1). In contrary, the semi-annual signal for the north displacements has significantly higher amplitudes. We attribute this behaviour to the shape of New Zealand. Two examples of the autocorrelation functions computed at Lyttelton and North
Cape are shown in Fig. 6 . These locations were chosen where the semi-annual/annual peak ratio reaches its maximum (36. 7) and minimum (0.8).
In places where this ratio is small (<1), the north displacements oscillate similarly to the vertical and Journal of Geodetic Science components. The semi-annual peak in the corresponding power spectral density is much smaller than the annual one. From this we conclude that the differences in the total autocorrelation function from place to place are determined by the coastline geometry in the vicinity of observation points.
The ratio of RMS values of the land and ocean surface terms in Eqn. (6) is shown in Fig. 9 . This shows the relative magnitudes of these two terms. The contribution of the land surface term is everywhere dominant. Moreover, the land-ocean term ratio for the horizontal displacements is larger than for the vertical displacements since the influence of the ocean term on the vertical displacements is stronger than on the horizontal ones.
Summary and Conclusions
We have investigated the atmospheric loading vertical and horizontal displacements in New Zealand over the period of 50 years (1960--2009 ) using the regional and global air-pressure data from the NIWA UV Atlas (version 2.2) and NCEP/NCAR of NOAA. The elastic response of the Earth to atmospheric loading was calculated using the mass loading Love numbers defined based on the PREM parameters, and the ocean response to atmospheric loading was computed using a modified theory of inverted barometer.
The maxima of the vertical atmospheric loading displacements were found in the central regions of the North and South Islands, whereas the corresponding maxima for the horizontal displacements are along coastal regions.
The maximum peak-to-peak vertical and horizontal displacements in New Zealand over the study period reached 13.1 and 2.7 mm, respectively.
The vertical displacements have a high spatial correlation, while the spatial correlation of the horizontal displacements is much less pronounced. This phenomenon is explained by the large dependence of the horizontal displacements on the coastal geometry. On the other hand, the vertical displacements are mainly characterized by the geographical air-pressure distribution.
The spectral decomposition of the atmospheric loading time series
shows that the signal is a broad band with most energy between 1 week and 1 year periods, and with a couple of peaks corresponding to approximately annual forcing and its overtones. The largest amplitudes have an annual and semi-annual periods.
